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Alpine snowbeds are characterised by a very short growing season. However, the 
length of the snow-free period is increasingly prolonged due to climate change, so that 
snowbeds become susceptible to invasions from neighbouring alpine meadow commu-
nities. We hypothesised that spatial distribution of species generated by plant interac-
tions may indicate whether snowbed species will coexist with or will be out-competed 
by invading alpine species – spatial aggregation or segregation will point to coexistence 
or competitive exclusion, respectively. We tested this hypothesis in snowbeds of the 
Swiss Alps using the variance ratio statistics. We focused on the relationships between 
dominant snowbed species, subordinate snowbed species, and potentially invading al-
pine grassland species.
Subordinate snowbed species were generally spatially aggregated with each other, but 
were segregated from alpine grassland species. Competition between alpine grassland 
and subordinate snowbed species may have caused this segregation. Segregation be-
tween these species groups increased with earlier snowmelt, suggesting an increasing 
importance of competition with climate change. Further, a dominant snowbed species 
(Alchemilla pentaphyllea) was spatially aggregated with subordinate snowbed species, 
while two other dominants (Gnaphalium supinum and Salix herbacea) showed aggre-
gated patterns with alpine grassland species. These dominant species are known to show 
distinct microhabitat preferences suggesting the existence of hidden microhabitats with 
different susceptibility to invaders.
These results allow us to suggest that alpine snowbed areas are likely to be reduced as a 
consequence of climate change and that invading species from nearby alpine grasslands 
could outcompete subordinate snowbed species. On the other hand, microhabitats 
dominated by Gnaphalium or Salix seem to be particularly prone to invasions by non-
snowbed species.
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Climate change will cause a considerable response in al-
pine vegetation (Theurillat and Guisan 2001). Changes in 
species composition can be observed already. For example, 
in alpine grasslands Keller et al. (2000) found an increase 
in species with higher thermal demands at the expense of 
species preferring low thermal conditions. Other studies 
observed an expansion of shrubs within the alpine zone 
(Kullman 2002, Cannone et al. 2007). Moreover, local 
extinctions of species are predicted for the future (Guisan 
and Theurillat 2000, Thuiller et al. 2005).
Alpine snowbeds are considered a model plant com-
munity for studying the consequences of climate change 
in alpine vegetation (Björk and Molau 2007). They are 
characterised by a long lasting snow cover (Billings and 
Bliss 1959), but snow cover duration is expected to short-
en due to climate change (Beniston et al. 2003). Therefore, 
the current characteristic vegetation of snowbeds, usually 
composed by a dense carpet of tiny plants containing sev-
eral endemic species specialised to this extreme habitat 
(Tomaselli 1991, Choler 2005, Schöb et al. 2009), may 
change. The predicted advance of snowmelt in the spring 
threatens snowbed communities with invasion of non-spe-
cialised species from neighbouring alpine communities, 
such as Carex curvula or Nardus stricta originating from 
alpine grasslands (Grabherr 2003). The consequences of 
this invasion of alpine non-snowbed species on snowbed 
vegetation may depend on the plant–plant interactions 
that predominate in snowbeds (Heegaard and Vandvik 
2004); facilitative interactions between snowbed species 
and invading alpine grassland species may promote coex-
istence, whereas competition between them may lead to 
replacement and local extinction of the least competitive 
species.
The type of interactions that predominate within 
plant communities can be revealed by analyses of spatial 
patterns (Badano et al. 2005, Kikvidze et al. 2005b) as-
suming that there are no abiotic differences causing non-
random distribution of species, although even small-scale 
environmental heterogeneity can induce spatial patterns 
within communities (Seabloom et al. 2005). For example, 
Thiéry et al. (1995) showed how slight gradients in topog-
raphy and the associated gradual flow of water could be 
responsible for striped vegetation patterns in arid zones, 
where densely vegetated bands alternated regularly with 
bare areas. However, under uniform environmental condi-
tions, non-random spatial patterns are supposed to be the 
long-term effects of prevailing plant–plant interactions. 
Therefore, competition for resources usually leads to the 
exclusion of some species, which causes spatial segregation, 
i.e. a below-average number of co-occurrences among spe-
cies (Seabloom et al. 2005, Pottier et al. 2007). Conversely, 
the nurse–plant effect is a type of facilitative interaction 
in which established individuals shelter associated spe-
cies from environmental extremes due to modification of 
the local environment (Nuñez et al. 1999, Badano et al. 
2006, Dona and Galen 2007). Thus, facilitation leads to 
species aggregation, i.e. an above-average number of co-
occurrences among species (Carlsson and Callaghan 1991, 
Bertness and Hacker 1994, Cavieres et al. 2006).
Because invasions of alpine grassland species into 
snowbeds are predicted (Grabherr 2003, Schöb et al. 
2009), but the outcome of plant–plant interactions for 
this process is unknown, we intended to evaluate the im-
portance of plant–plant interactions in the predicted inva-
sions in snowbeds by means of spatial pattern analyses. In 
this study, we analysed small-scale spatial patterns along 
a snowmelt gradient in snowbeds in the Swiss Alps and 
hypothesised that predominant plant interactions caused 
non-random spatial distribution of species. The aim was to 
characterise the interspecific spatial relationship of plants 
in snowbeds with a focus on the relationship between the 
dominant snowbed species, subordinate snowbed species, 
and potentially invading alpine grassland species. The 
most probable underlying causes of the spatial patterns 
observed (environmental heterogeneity or plant interac-
tions) were determined under consideration of three key 
abiotic factors (snowmelt date, soil temperature, and soil 
pH) and plant–plant interactions. Further, the influence 
of the snowmelt date on the prevailing plant–plant inter-
actions was examined.
Methods
Study area
Thirty spatially separated snowbeds in the western part of 
the central Alps at the Gemmi Pass, Leukerbad, Switzer-
land (2400 m a.s.l., 46°25´N, 7°37´E) were studied. They 
were located within an area of approximately 0.3 km2 and 
had an average distance of 118 ± 63 m (SD) between each 
other.
In the Gemmi Pass region, the total annual precipita-
tion amounts to 2100 mm, of which about two-thirds 
fall as snow (this and the following climatic data of the 
study area are from Döbeli 2000). The precipitation be-
tween July and September totals to 350 mm on average, 
mainly in the form of rain. The average annual tempera-
ture is close to 0°C. During the growing season, from July 
to September, the average temperature is between 6°C 
and 9°C. Snowbeds were located in northeast–southwest-
directed hollows where the predominating northwesterly 
winds accumulate snow during the winter. Microtopo-
graphical patterns of periglacial hummocks, typical for 
arctic snowbeds, were absent in the study site (C. Schöb 
pers. obs.). The soil consists of deep gleyed Brown Earths 
or gleyed Rendzinas, developed on silic limestone bedrock 
(Döbeli 2000, Vonlanthen et al. 2004). The fractions of 
sand, silt and clay in the mineral soil particles were 51, 
36, and 13%, respectively, determined by the hydrometer 
method (Bouyoucos 1962) modified by Day (1965). Soil 
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moisture conditions are mesic with low soil suction values 
(Vonlanthen et al. 2006a, C. Schöb pers. obs.). Snowbeds 
were occasionally grazed by sheep.
Vegetation in the snowbeds studied belonged to the 
Salicetea herbaceae-snowbed communities (sensu Ellen-
berg 1996). The total vegetation cover was constant over 
the whole snowmelt gradient under study (Schöb et al. 
2009; Fig. 1). In general, within snowbeds alpine grassland 
species decreased in frequency and abundance with later 
snowmelt, whereas subordinate snowbed species showed 
the opposite pattern. The three most abundant (by cover) 
and dominant species were Alchemilla pentaphyllea, Salix 
herbacea and Gnaphalium supinum (Schöb et al. 2009). 
The plant size of all species occurring in snowbeds was 
consistently low (mean canopy height approximately 5 cm) 
and peak standing biomass was determined by Vonlanthen 
et al. (2006b) and averaged to 14.52 g m–2.
Small-scale habitat preferences
Because differences in small-scale habitat preferences be-
tween species may lead to non-random spatial patterns 
within snowbeds, we tested for differences in species dis-
tribution along three key abiotic factors for alpine plants: 
snowmelt date, soil pH and soil temperature (Kammer 
and Möhl 2002, Vonlanthen et al. 2006b). In 2003, 
weekly visits to the study site allowed localising 52 plots 
with four different snowmelt dates within 30 snowbeds: 
2 June (snowmelt date I, 6 plots), 9 June (snowmelt date 
II, 20 plots), 16 June (snowmelt date III, 18 plots) and 23 
June (snowmelt date IV, 8 plots). For each plot the soil pH 
of the upper 5 cm of mineral horizons was determined. 
Two soil samples were randomly collected in each plot 
and pooled to one composite sample per plot. Soil pH was 
measured by shaking 4 g of sieved soil with de-ionised wa-
ter and measuring pH with a glass electrode in the solution 
extracted after 1 h. Additionally, in 31 of the 52 plots, the 
soil temperature 3 cm below ground was measured with 
UTL-1 data loggers, Geotest AG. The plots with tempera-
ture measurements were haphazardly distributed over eve-
ry different date of snowmelt. For analysis, the data during 
the vegetation period 2006 from the time of the snowmelt 
until 31 August were taken into account. The data loggers 
stored temperatures at an interval of four hours, starting at 
midnight. For calculations of mean maximum tempera-
tures (Tmax), the average of daily maxima was considered, 
and correspondingly, for mean minimum temperatures 
(Tmin), the average of daily minima. Furthermore, the aver-
age daily temperature (Tmean) was calculated.
Fig. 1. Number of species (solid symbols) and relative cover (open symbols) for all species, and alpine grassland species and subordinate 
snowbed species separately, along the snowmelt gradient. Species groups: total species (∆), alpine grassland species (i.e. avoiders of 
late-snowmelt sites; ◊), subordinate snowbed species (i.e. snowbed specialists; ) *** = p < 0.001. n for snowmelt date I (2 Jun 2003) 
= 6, II (9 Jun 2003) = 20, III (16 Jun 2003) = 18, IV (23 Jun 2003) = 8. Data from Schöb et al. (2009).
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The vegetation data for the detection of differences in 
small-scale habitat preferences within snowbeds were sam-
pled in a 0.16 m2 square in the centre of each plot. All 
vascular plant species were determined.
Vegetation sampling for species spatial 
patterns
In summer 2005, we selected 40 of the 52 plots with four 
different snowmelt dates (6 plots with snowmelt date I, 13 
plots with snowmelt date II, 13 plots with snowmelt date 
III, 8 plots with snowmelt date IV) within 24 of the 30 
snowbeds. We haphazardly placed 480 small circles with 
a radius of 5 cm among the 40 plots (120 circles for each 
snowmelt date), wherein all vascular plants were identi-
fied. The average distance between two neighbouring cir-
cle centres within a plot was 30 cm. We chose circles with 
a radius of 5 cm, because this scale may be appropriate 
for herbaceous communities with small-sized individuals 
– such as snowbeds – to detect association patterns that 
may primarily be interpreted as the result of neighbour 
interactions (Silander and Pacala 1985, van der Maarel et 
al. 1995, Purves and Law 2002).
In 2005, when vegetation data for species spatial pat-
terns were sampled, the snowmelt dates were 15 days later 
on average compared to 2003. Nevertheless, the snowmelt 
regime, i.e. the chronological ranking of the plots becom-
ing snow-free, was constant over the years. They were 
melting out with about the same difference in snowmelt 
date (seven days between two subsequent snowmelt dates) 
in the two years (C. Schöb pers. obs.). We assumed that 
the inter-annual variability in the date of snowmelt has a 
negligible influence on species composition in snowbeds, 
because the composition of predominating perennial spe-
cies in snowbeds is considered conservative (Körner 2003). 
For convenience, the analyses of the effect of the snowmelt 
date on spatial patterns were referred to the original 2003 
snowmelt data only.
Species association analyses
We used the following terms to describe the spatial pat-
terns: ‘co-occurrence’ refers to a joint presence of two 
species or species groups within small circles over all 
plots under focus; ‘aggregation’ is a significantly higher 
co-occurrence than expected from a random distribution; 
conversely, ‘segregation’ is defined as a significantly lower 
co-occurrence than expected from a random distribution. 
In addition, we used ‘association’ and ‘dissociation’ in their 
usual sense, referring to the spatial distribution of two spe-
cies (pair-wise spatial relationships).
We tested spatial patterns using a randomisation tech-
nique based on the variance ratio RV = Vobs/Vexp, where Vobs 
is the observed variance of species richness in circles and 
Vexp is the variance expected under the null model (Schluter 
1984, Wilson 1987, Gotelli 2000). The null model assumes 
that plant species are randomly distributed. To generate 
randomised species assemblages, the presence–absence of 
each species was reshuffled at random, so the occurrence 
of one species in any of the circles did not depend on the 
occurrence of other species in the same circle. The number 
of species and the overall frequency for each species were 
both held to those found in the original field data (Go-
telli 2000). Randomisations of co-occurrences within this 
constraint of fixed marginal totals randomise only the in-
terspecific patterns; therefore, possible intraspecific aggre-
gations will not influence the results. Each randomisation 
produces a new Vexp and accordingly a randomised RV. A 
value of RV = 1 suggests a random distribution of plants. 
Values of RV < 1 indicate a lower variance than expected 
under the null model and suggest a co-occurrence less fre-
quently than would be expected if plants were randomly 
distributed, i.e. segregation. Conversely, RVs > 1 indicate 
an aggregation of species. We performed 1000 randomisa-
tions and determined the significance level (one-tailed sig-
nificance test) from the number of randomised RVs equal 
or more extreme than the RV observed (Wilson 1987).
Pair-wise associations and dissociations were tested in 
a similar manner using RV = Vobs/Vexp, where Vobs is the 
observed variance in the presence and absence of the two 
species and Vexp is the sum of the species variances for pres-
ence–absence under the null-model assuming that species 
occur independently of each other. Since pair-wise associa-
tions and dissociations cannot be tested properly for very 
rare species, only species with an occurrence in ≥ 5% were 
included. 
Therefore, RV allows for testing aggregation–segrega-
tion patterns within and between species groups as well 
as pair-wise associations–dissociations (Kikvidze et al. 
2005a).
Differences in species richness per circle in the presence 
versus absence of one of the dominant species were tested 
by independent-samples t-test. Differences in species rich-
ness in the presence of different dominant species were 
tested in the same way.
Results
Small-scale habitat preferences of species 
groups
Tests of the differences in habitat preferences between sub-
ordinate snowbed species and alpine grassland species (for 
definitions of these groups see the section below) revealed 
that snowmelt date is the predominant environmental 
factor controlling species distribution among snowbeds 
(Table 1). While alpine grassland species preferred early 
melting plots, the subordinate snowbed species were more 
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frequent in later melting plots. No differences were found 
in small-scale habitat preferences between the two oppos-
ing species groups with respect to soil pH and soil tem-
perature (analysed with Tmean, Tmin, and Tmax).
Spatial patterns across the whole snowmelt 
gradient
Aggregation prevailed over segregation (RVobs = 1.371, p 
< 0.001) when patterns were analysed for the entire as-
semblage, including all species and all snowmelt dates. 
However, pair-wise co-occurrences between frequent spe-
cies revealed groups of spatially associated and dissociated 
species (Table 2). Due to the high frequency and abun-
dance of the three dominant snowbed species Alchemilla 
pentaphyllea, Gnaphalium supinum, and Salix herbacea, we 
treated each of these species separately in subsequent anal-
yses. The remaining frequent subordinate species could be 
divided into three groups according to their spatial pat-
terns: 1) subordinate snowbed species, 2) alpine grassland 
species and 3) intermediary, ‘indifferent’ species. Subordi-
nate snowbed species and alpine grassland species showed 
contrasting spatial patterns within snowbeds; while strong 
segregation was found between these two groups (RVobs = 
0.377, p < 0.001), within the groups the species strongly 
aggregated (RVobs = 2.048, p < 0.001 and RVobs = 3.189, p 
< 0.001 for subordinate snowbed species and alpine grass-
land species, respectively). The indifferent species showed 
associations and dissociations with either the subordinate 
snowbed species or the alpine grassland species (Table 2).
Overall, Alchemilla and Salix were spatially segre-
gated from the remaining vegetation (Table 3), whereas 
Gnaphalium showed no pattern in this respect. However, 
spatial relationships of the three dominant species with the 
two contrasting species groups were different. Alchemilla 
significantly aggregated with the subordinate snowbed 
species and segregated from the alpine grassland species, 
contrary to Gnaphalium, which significantly aggregated 
with the alpine grassland species and segregated from 
the subordinate snowbed species. Salix segregated from 
the subordinate snowbed species, but showed no pattern 
with the alpine grassland species. Therefore, the subordi-
nate snowbed species were more frequent in circles with 
Alchemilla present and less frequent in the presence of 
Gnaphalium and Salix (Table 4). On the contrary, alpine 
grassland species were more frequently found in circles 
with Gnaphalium present and underrepresented in those 
with Alchemilla present. The total species richness in cir-
cles was also dependent on the dominant species present 
(Table 4). In the presence of Alchemilla, species richness in 
circles was lower than in its absence, whereas in the pres-
ence of Gnaphalium, species richness was higher than in 
its absence. As a result, circles with Gnaphalium showed 
a significantly higher species richness than the circles with 
Alchemilla (t = –2.05, DF = 776, p = 0.040).
Spatial patterns within single snowmelt dates
Species of snowmelt dates I and IV were aggregated (RVobs 
= 1.529, p < 0.001 and RVobs = 1.328, p = 0.006, respec-
tively). For the snowmelt dates II and III, no significant 
aggregation or segregation was found. However, in pair-
wise association–dissociation-analyses for all snowmelt 
dates, more associations than dissociations were found 
between species (Fig. 2, supplementary material Appendix 
A1–A4). Along the snowmelt gradient the percent of sig-
nificant associations–dissociations out of all possible pair-
wise co-occurrences decreased from the early melting plots 
(I: 31%, II: 30%) to the late melting plots (III: 18%, IV: 
19%). However, the percentage of associations decreased 
only to one fourth from 16% in I to 12% in IV, whereas 
the dissociations dropped by half from 14% in I to 7% 
in IV.
For single snowmelt dates, the spatial patterns of the 
two opponent species groups – subordinate snowbed spe-
cies versus alpine grassland species – showed aggregation 
Table 1. Small-scale habitat preferences of alpine grassland species and subordinate snowbed species within snowbeds with respect to 
snowmelt date, soil pH, and soil temperature (tested with Tmean, Tmin, and Tmax). Mean values of each environmental factor were tested 
for differences between species groups with independent-samples t-test. Significant p-values at < 0.05 in bold. n for alpine grassland 
species = 13, n for subordinate snowbed species = 8.
Environmental 
variables
 Mean ± 1 SD  t-test
Grassland species Snowbed species t DF p
Snowmelt date 8 Jun 2003 ± 1.8 14 Jun 2003 ± 1.5 –7.30 19 <0.001
pH 5.0 ± 0.1 5.0 ± 0.1 –0.46 19 0.651
Temperature
Tmean 9.5 ± 0.4 9.5 ± 0.2 0.45 19 0.656
Tmin 5.2 ± 0.2 5.2 ± 0.1 –0.03 19 0.975
 Tmax  16.2 ± 0.6 15.8 ± 0.4  1.57 19 0.134
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within the groups and segregation between the two groups 
in the earlier melting plots (Fig. 3). Toward the latest melt-
ing plots, the co-occurrences became neutral. Particularly 
in the early and intermediate melting plots, Alchemilla 
generally aggregated with subordinate snowbed species 
and segregated from alpine grassland species, whereas 
Gnaphalium and Salix showed the contrary spatial rela-
tionship (Fig. 4). Toward the latest melting plots, the co-
occurrences of the dominant species with the two species 
groups also tended to be neutral.
The spatial relationships between the dominant spe-
cies were more associative than dissociative (Table 5); 
Gnaphalium and Salix generally associated over the en-
tire snowmelt gradient and Alchemilla associated with the 
two other dominant species only in the earliest melting 
plots. Dissociation was found between Alchemilla and 
Table 3. Spatial relationships of dominant snowbed species with the remaining vegetation (All), and the two opponent groups of spe-
cies (alpine grassland species and subordinate snowbed species), respectively. Spatial patterns were detected by calculating the observed 
variance ratio (RVobs) and comparison to the null model with randomly distributed species. A value of RVobs = 1 means a random 
distribution of species, values of RVobs < 1 suggest segregation, RVobs > 1 indicate aggregation. Significant p-values at < 0.05 in bold. 
n = 480 circles.
Dominant species
All  Grassland species  Snowbed species
RVobs p RVobs p RVobs p
Alchemilla pentaphyllea 0.942 < 0.001 0.927 < 0.001 1.085 < 0.001
Gnaphalium supinum 0.991 0.307 1.074 0.002 0.856 < 0.001
Salix herbacea 0.941 < 0.001  0.993 0.364  0.921 < 0.001
Table 4. Mean total number of species (A), number of alpine grassland species (B), and number of subordinate snowbed species (C) 
in circles ± 1 SD in the presence versus absence of the dominant species over the whole snowmelt gradient and for each snowmelt 
date separately. Significant differences in species richness in presence versus absence of a dominant species were tested by independent-
samples t-test. Significant p-values at < 0.05 in bold. Snowmelt dates: I = 2 Jun 2003, II = 9 Jun 2003, III = 16 Jun 2003, IV = 23 Jun 
2003. n: Alchemilla pentaphyllea (I: 96 presences/24 absences; II: 111/9; III: 116/4; IV: 112/8), Gnaphalium supinum (I: 107/13; II: 
84/36; III: 75/45; IV: 77/43), Salix herbacea (I: 99/21; II: 86/34; III: 101/19; IV: 115/5).
A. Total number of species/circle           
Alchemilla pentaphyllea Gnaphalium supinum Salix herbacea
Date  Presence Absence p  Presence Absence p  Presence Absence p
I–IV 9.2 ± 2.4 10.7 ± 3.7 0.012 9.6 ± 2.7 8.8 ± 2.3 0.001 9.3 ± 2.6 9.8 ± 2.8 0.085
I 10.6 ± 2.4 12.8 ± 3.3 0.005 11.1 ± 2.8 10.4 ± 2.4 0.388 10.9 ± 2.6 11.3 ± 3.3 0.553
II 9.7 ± 2.4 9.6 ± 2.8 0.851 9.9 ± 2.3 9.3 ± 2.5 0.177 9.9 ± 2.2 9.3 ± 2.7 0.242
III 9.3 ± 2.0 8.3 ± 1.5 0.281 9.3 ± 2.1 9.3 ± 1.8 0.860 9.2 ± 2.1 9.8 ± 1.3 0.204
IV 7.5 ± 1.9 7.0 ± 2.0 0.514 7.5 ± 1.9 7.3 ± 1.9 0.669 7.4 ± 1.9 7.0 ± 1.9 0.611
              
B. Number of grassland species/circle
I–IV 2.6 ± 2.2 4.8 ± 3.0 <0.001 2.8 ± 2.5 1.7 ± 2.0 <0.001 2.5 ± 2.4 2.6 ± 2.6 0.610
I 5.3 ± 1.7 7.1 ± 1.6 <0.001 5.6 ± 1.9 6.0 ± 1.5 0.503 5.6 ± 1.9 6.0 ± 1.8 0.376
II 2.5 ± 1.5 3.9 ± 1.1 0.010 2.9 ± 1.4 2.1 ± 1.8 0.017 2.9 ± 1.4 1.9 ± 1.6 0.001
III 1.3 ± 1.0 1.8 ± 1.0 0.410 1.3 ± 1.0 1.3 ± 1.1 1.000 1.5 ± 1.0 0.7 ± 0.6 <0.001
IV 0.3 ± 0.5 0.4 ± 0.5 0.780 0.2 ± 0.4 0.5 ± 0.6 0.048 0.3 ± 0.5 0.6 ± 0.9 0.515
              
C. Number of snowbed species/circle
I–IV 2.6 ± 1.8 1.0 ± 1.4 <0.001 2.2 ± 1.7 3.4 ± 1.7 <0.001 2.3 ± 1.7 3.3 ± 2.2 <0.001
I 0.8 ± 1.0 0.2 ± 0.5 <0.001 0.7 ± 1.0 0.5 ± 1.1 0.574 0.7 ± 1.0 0.5 ± 0.9 0.287
II 2.7 ± 1.7 0.6 ± 0.5 <0.001 2.1 ± 1.6 3.6 ± 1.5 <0.001 2.1 ± 1.6 3.8 ± 1.4 <0.001
III 3.1 ± 1.6 2.0 ± 0.8 0.177 2.8 ± 1.6 3.5 ± 1.6 0.034 2.7 ± 1.4 5.2 ± 1.4 <0.001
IV 3.7 ± 1.2 3.5 ± 0.9 0.718   3.5 ± 1.1 3.8 ± 1.2 0.219   3.6 ± 1.1 4.6 ± 0.9 0.055
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Gnaphalium for snowmelt date II. The spatial patterns of 
the dominant species with the remaining species revealed 
a segregating effect of the very abundant dominant species 
(Table 6); Alchemilla changed from segregation to neu-
tral co-occurrence with later snowmelt date, Gnaphalium 
showed the converse pattern and Salix significantly segre-
gated in snowmelt date III.
The difference in the total species richness in the pres-
ence versus absence of different dominant species almost 
disappeared within single snowmelt dates (Table 4). Nev-
ertheless, the results for the two species groups were still 
obvious – in the early melting plots, in the presence of 
Alchemilla, the richness of subordinate snowbed species 
was higher and the richness of alpine grassland species was 
lower. Conversely, particularly in the intermediate melting 
plots in the presence of Gnaphalium and Salix, the number 
of alpine grassland species was higher and the number of 
subordinate snowbed species lower.
Discussion
Small-scale patterns of species spatial distributions in 
snowbeds were strongly non-random. Our analyses re-
vealed two ecological groups of species with different habi-
Fig. 2. Percentage of associations and dissociations out of all possible pair-wise co-occurrences for each snowmelt date. n for snowmelt 
dates I (2 Jun 2003) = 31 species, II (9 Jun 2003) = 26 species, III (16 Jun 2003) = 29 species, IV (23 Jun 2003) = 17 species. All spe-
cies with an occurrence of less than 5% were excluded from pair-wise analyses.
Table 5. Spatial relationships between the dominant snowbed 
species for each snowmelt date. Associations and dissociations 
were detected by calculating the observed variance ratio (RVobs) 
and comparison to the null model with randomly distributed 
species occurrences. A value of RVobs = 1 means a random dis-
tribution of species occurrences, values of RVobs < 1 suggest dis-
sociation, RVobs > 1 indicate association. The dominant species: 
Alchemilla = A. pentaphyllea, Gnaphalium = G. supinum, and Sa-
lix = S. herbacea. Significance levels: * (p < 0.05), ** (p < 0.01), 
and *** (p < 0.001). Snowmelt dates (date): I = 2 Jun 2003, II 
= 9 Jun 2003, III = 16 Jun 2003, IV = 23 Jun 2003. n for each 
snowmelt date = 120 circles.
RVobs
Date Species Gnaphalium  Salix
I Alchemilla 1.221 * 1.208 *
Gnaphalium x 1.258 ***
II Alchemilla 0.839 *  0.905
Gnaphalium x 1.476 ***
III Alchemilla 1.094   0.936
Gnaphalium x  1.130  
IV Alchemilla 0.894 0.946
Gnaphalium x  1.198 **
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tat preferences within snowbeds – alpine grassland species 
with higher frequency in the early melting plots and subor-
dinate snowbed species, which were more frequent in the 
late melting plots. Consequently, the observed spatial pat-
terns in snowbeds are the result of environmental hetero-
geneity and plant–plant interactions, particularly depend-
ing on the scale considered. The analyses of the small-scale 
habitat preferences of the species in snowbeds revealed a 
high influence of the snowmelt gradient on the species dis-
tribution in snowbeds (Tomaselli 1991, Razzhivin 1994, 
Schöb et al. 2009). Since alpine grassland species and sub-
ordinate snowbed species colonise similar microsites with 
regard to soil temperature and soil pH, we assume these 
two abiotic factors cannot be responsible for non-random 
spatial patterns between these groups. Therefore, spatial 
patterns on the scale of the whole snowmelt gradient may 
particularly reflect environmental heterogeneity caused by 
the snowmelt gradient, but spatial patterns within indi-
vidual snowmelt dates must mainly be the result of plant–
plant interactions, although some hidden environmental 
micro-heterogeneities may also play a role.
Spatial patterns and environmental 
heterogeneity
Due to different habitat preferences of groups of species 
along the snowmelt gradient in snowbeds, within-group 
aggregation was most obvious at the first and the latest 
snowmelt date, where either alpine grassland species or 
subordinate snowbed species were most abundant, respec-
tively. The contrasting distributional patterns of these two 
ecological groups of species are in line with the division of 
vascular plant species in snowbeds into different categories 
based on their behaviour along a snowmelt gradient, which 
we performed in an earlier study (Schöb et al. 2009). The 
alpine grassland species correspond to the category of the 
‘avoiders of late-snowmelt sites’ with a significantly decreas-
ing frequency of occurrence along the snowmelt gradient. 
Accordingly, the subordinate snowbed species correspond 
to the ‘snowbed specialists’ with an increasing frequency of 
occurrence with a later snowmelt date.
Spatial patterns and plant-plant interactions
Along the snowmelt gradient, a clear decrease in the 
number of associations and dissociations out of all pair-wise 
co-occurrences could be detected. It seems that neighbour 
effects in general became less important with later snow-
melt date in snowbeds. Selective forces related to survival 
and tolerance of late snowmelt conditions are likely to be 
relatively more important and intense than those related 
to competitive strength at the harsher end of the gradient 
(Brooker and Callaghan 1998). This is in accordance with 
the C–S–R model of Grime (2001) and applies for a de-
crease in dissociations between species. On the other hand, 
a decrease in associations may indicate less important fa-
cilitation, which is an unusual finding for harsh environ-
ments (Bertness and Callaway 1994, Brooker and Calla-
ghan 1998, Choler et al. 2001, Kikvidze et al. 2005b). 
However, the key environmental factor in snowbeds, the 
snowmelt date, seems difficult to ameliorate in contrast 
with other environmental stress factors such as excessive 
light or wind (Callaway 2007, Brooker et al. 2008). Most 
of the abiotic factors characterising snowbeds at our study 
site (Vonlanthen et al. 2006a) need not to be, or can hardly 
Fig. 3. Spatial relationships within and between the two oppo-
nent groups of species along the snowmelt gradient. Aggregations 
and segregations were detected by calculating the observed vari-
ance ratio (RVobs) and comparison to the null model with ran-
domly distributed species. A value of RVobs = 1 means a random 
distribution of species, values of RVobs < 1 suggest segregation, 
RVobs > 1 indicate aggregation. Species groups: alpine grassland 
species (grass.; snowmelt date I: 13 species, II: 11, III: 9, IV: 2) 
and subordinate snowbed species (snow.; I: 5, II: 7, III + IV: 8). 
Significant RVobs-values displayed in filled columns are marked 
with * (p < 0.05), ** (p < 0.01), *** (p < 0.001). Snowmelt dates: 
I = 2 Jun 2003, II = 9 Jun 2003, III = 16 Jun 2003, IV = 23 Jun 
2003. n for each snowmelt date = 120 circles.
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be ameliorated, although low temperatures and high radia-
tion may be alleviated by benefactor plants to some extent. 
This may be important for recruitment and development 
of plants after snowmelt. However, under extreme stress, 
such habitat amelioration by a benefactor species may not 
be enough for a beneficiary species to survive (Michalet et 
al. 2006). An additional factor reducing facilitative as well 
as competitive interactions in later melting sites may be the 
generally smaller plant size of species compared to those 
species colonising early melting sites (Tomaselli 1991).
Nevertheless, the general trend of decreasing dissocia-
tions with later snowmelt date and particularly the sharp 
decrease in dissociations compared to associations support 
the predictions of the stress-gradient hypothesis (Bertness 
and Callaway 1994). Such shifts in the small-scale spatial 
arrangement of species along gradients toward environ-
mental severity have been documented in several alpine 
systems (Choler et al. 2001, Kikvidze et al. 2005b, Dull-
inger et al. 2007) and also are now confirmed on a small 
scale by our study in snowbed communities. The fact that 
dissociations co-occurred with associations even in the lat-
est melting plots can be explained by the balance of com-
petition and facilitation which shifted along the snowmelt 
gradient, as suggested by a conceptual model by Holmgren 
et al. (1997, see also Pugnaire and Luque 2001, Michalet 
et al. 2006). However, our findings of an increasing impor-
Fig. 4. Spatial relationships of dominant snowbed species with two contrasting species groups along the snowmelt gradient. Aggrega-
tions and segregations were detected by calculating the observed variance ratio (RVobs) and comparison to the null model with ran-
domly distributed species. A value of RVobs = 1 means a random distribution of species, values of RVobs < 1 suggest segregation, RVobs > 1 
indicate aggregation. The three dominant species are Alchemilla pentaphyllea (I: 96 occurrences, II: 111, III: 116, IV: 112), Gnaphalium 
supinum (I: 107, II: 84, III: 75, IV: 77), and Salix herbacea (I: 99, II: 86, III: 101, IV: 115). Species groups: alpine grassland species 
(snowmelt date I: 13 species, II: 11, III: 9, IV: 2) and subordinate snowbed species (I: 5, II: 7, III + IV: 8). Significant RVobs-values in 
filled columns are marked with * (p < 0.05), ** (p < 0.01), *** (p < 0.001). Snowmelt dates: I = 2 Jun 2003, II = 9 Jun 2003, III = 16 
Jun 2003, IV = 23 Jun 2003. n for each snowmelt date = 120 circles.
Table 6. Spatial relationships of dominant snowbed species with the remaining vegetation for each snowmelt date. Aggregations and 
segregations were detected by calculating the observed variance ratio (RVobs) and comparison to the null model with randomly distrib-
uted species. A value of RVobs = 1 means a random distribution of species, values of RVobs < 1 suggest segregation, RVobs > 1 indicate 
aggregation. Significant p-values at < 0.05 in bold. Snowmelt dates: I = 2 Jun 2003, II = 9 Jun 2003, III = 16 Jun 2003, IV = 23 Jun 
2003. n for each snowmelt date = 120 circles.
Dominant species
I  II  III  IV
RVobs p RVobs p RVobs p RVobs p
Alchemilla pentaphyllea 0.881 0.001 0.980 0.195 1.002 0.450 0.981 0.255
Gnaphalium supinum 0.992 0.375 0.974 0.257 0.900 0.009 0.902 0.034
Salix herbacea 0.949 0.050  0.970 0.206  0.900 0.001  0.988 0.257
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tance of facilitation compared to competition in late melt-
ing plots is in contrast to other studies in the alpine zone 
which showed that facilitation increased with decreasing 
snow-melting dates (Choler et al. 2001, Michalet et al. 
2002). This discrepancy in the results may be explained by 
an inherent difference of non-random spatial patterns ver-
sus performance measures after neighbour removal; they 
reflect different stages of the effect of plant interactions on 
neighbours (Silvertown et al. 1994). Whereas spatial pat-
terns reflect the long-term outcome of plant interactions, 
performance measures are a sign of short-term effects of 
interacting plants. Further, spatial patterns reflect the im-
portance of competition, whereas Choler et al. (2001) 
measured intensity of competition with competition indi-
ces, and these different measures of competition are linked 
to each other but need not to be tightly correlated (Welden 
and Slauson 1986).
On the level of species groups, the spatial segregation 
between alpine grassland species and subordinate snowbed 
species found in our study was probably due to competi-
tive interactions among plants, which was especially im-
portant at early melting sites. The competitively superior 
alpine grassland species, together with the dominant spe-
cies Gnaphalium and Salix, could exclude the competitive-
ly inferior subordinate snowbed species, particularly from 
the earlier melting plots. Another dominant species, Al-
chemilla, seems to be competitively inferior like the subor-
dinate snowbed species, but might profit from facilitation 
with Gnaphalium and Salix in the earliest melting plots. In 
the later melting plots the clear hierarchy in competitive 
strength for the species groups and the dominant species 
disappeared. This may be due to the very short growing 
season in the latest melting plots. For these sites we sup-
pose that the competitive ability of subordinate snowbed 
species outdoes that of the intrinsically more competitive 
alpine grassland species, because the latter were at the very 
end of their physiological tolerances. Such differences of 
competitive hierarchies between species in different en-
vironments are also known from other studies (Rice and 
Menke 1985, Rejmánek and Lepš 1996, Michalet et al. 
2006). Therefore, we assume that the inability to cope 
with the severe environmental conditions prevailing in late 
melting snowbeds currently restrict the alpine grassland 
species to the earlier melting sites (Körner 2003, Choler 
2005). Conversely, the subordinate snowbed species seem 
to be pushed back to the later melting sites due to competi-
tive exclusion by alpine grassland species under the milder 
growing conditions in early melting sites (Heegaard and 
Vandvik 2004).
We acknowledge that it is not possible to definitively 
prove that the observed spatial patterns were generated 
by plant–plant interactions based on the examination of 
spatial patterns alone (Schluter 1984, McCulloch 1985, 
Rejmánek and Lepš 1996). However, the interpretation 
of aggregation and segregation being primarily the conse-
quence of biotic interactions relative to the impact of all 
other environmental factors (competition–facilitation im-
portance sensu Brooker et al. 2005, see also Brooker and 
Kikvidze 2008) is a reasonable and commonly used way of 
thinking at the scale used in our study (Silander and Pacala 
1985, Seabloom et al. 2005, le Roux and McGeoch 2008, 
Reitalu et al. 2008). However, Choler et al. (2001) showed 
in a neighbour-removal experiment that in alpine environ-
ments, competition (measured with competition intensity 
indices) was not as tightly related to spatial dissociation 
as was facilitation related to association of species. But, as 
mentioned above, these measures need not necessarily be 
tightly positively correlated, since they measure two dif-
ferent aspects of competition: the importance and the in-
tensity (Welden and Slauson 1986, Brooker et al. 2005, 
Brooker and Kikvidze 2008). Further, they reflect different 
stages of the effect of interactions on neighbouring plants 
(Silvertown et al. 1994). Spatial patterns reflect the result 
of decades of interacting plants on the population whereas 
neighbour removal experiments reveal the short-term ef-
fects of neighbouring species on species performance. 
Therefore, competition between two species may reduce 
performance of the inferior plant species. This may lead 
to continuous spatial segregation of these species. After 
segregation took place, segregation was still observable but 
the effect of the competitor species on the performance 
of the inferior species will most probably be reduced or 
negligible. However, even if these measures are not tightly 
correlated, the reduced performance of the inferior plant 
species as well as the spatial segregation of the two species 
resulted from plant–plant interactions, i.e. competition.
Spatial patterns and hidden environmental 
heterogeneity
Microtopographical changes resulting from periglacial 
processes are frequent in snowbed areas (Tomaselli 1991). 
Contrasting spatial patterns of dominant snowbed species 
have been related to such microtopographical variations, 
such as small convexities (Tomaselli 1991, Choler 2005). 
Tomaselli (1991) showed that habitats dominated by 
Gnaphalium and Salix were not waterlogged and were gen-
erally more disturbed. Many subordinate snowbed species 
are excluded from these microhabitats and are found in less 
disturbed patches together with Alchemilla. Our results are 
in line with these reports although no obvious microscale 
landforms such as hummocks were noticeable at our site. 
Whereas Alchemilla aggregated with subordinate snowbed 
species, the other two dominant species Gnaphalium and 
Salix aggregated with each other and with the alpine grass-
land species. Therefore, the conditions prevailing in the 
microhabitats dominated by Gnaphalium or Salix, which 
regularly aggregate with alpine grassland species, seem to 
be closer to those in mesic alpine grasslands compared to 
the microhabitats colonised by Alchemilla. Consequently, 
patches with Alchemilla showed a somewhat different spe-
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cies composition compared to patches with Gnaphalium 
or Salix. Therefore, in addition to neighbour effects, we 
suggest that there are some hidden small-scale environ-
mental heterogeneities causing non-random spatial pat-
terns in snowbeds.
Snowbeds in a changing climate
The earlier snowmelt in spring due to climate change will 
cause an increase in the number of species in snowbeds 
(Schöb et al. in press). The species invading snowbeds will 
particularly be typical and common alpine grassland spe-
cies. This prediction can be supported by the fact that un-
der ameliorated growing conditions selective forces will fo-
cus more on competitors than on stress-tolerators (Grime 
2001) and by observations of Grabherr (2003), who found 
Carex curvula and Nardus stricta to invade snowbeds. Pur-
suant to our study, the invasion of alpine grassland species 
in snowbeds will most probably take place through patches 
in snowbeds dominated by Gnaphalium or Salix. These 
microhabitats seem to be more prone to the establishment 
of grassland species and may function as a source habitat 
of invading alpine grassland species for further spreading 
in snowbeds. Alpine grassland species therefrom can reach 
a higher abundance in snowbeds, further enhancing their 
competitive pressure on the remaining species. This will 
lead to a gradual replacement of the subordinate snowbed 
species by more competitive grassland species, even in the 
later melting sites. Therefore, subordinate snowbed species 
may be highly endangered due to the loss of their habitat 
where they are the most competitive.
We did not find any evidence that plant–plant inter-
actions in snowbeds would be able to overturn the inva-
sion of alpine grassland species due to predicted climate 
change (but see Suttle et al. 2007 and their research from 
a Californian grassland). Rather, our results suggest that 
the replacement of subordinate snowbed species by al-
pine grassland species will be accelerated by an increasing 
importance of competition with earlier snowmelt due to 
climate change and the accompanied invasion of alpine 
grassland species. This is in line with other studies which 
have shown an increasing importance of competitive in-
teractions with climate change (Klanderud 2005, Kland-
erud and Totland 2007, but see Wipf et al. 2006 for early 
flowering tundra species). Additionally, the availability of 
susceptible microhabitats over the whole snowmelt gradi-
ent will facilitate the invasion of alpine grassland species. 
Facilitation of invaders would further accelerate the inva-
sion and replacement processes (Badano et al. 2007, Bul-
leri et al. 2008).
The present study shows that climate warming will 
most probably have profound effects on a typical alpine 
plant community, not only through changed climatic con-
ditions but also through changes in biotic interactions. As 
a consequence, a species loss, particularly of highly spe-
cialised subordinate snowbed species, must be assumed. 
Even if the plant species richness in snowbeds (α-diversity) 
may increase by invasions of alpine grassland species due 
to climate change, the regional diversity (γ-diversity) may 
decrease through the extinction of subordinate snowbed 
species. Therefore, this study demonstrates the high sensi-
tivity of alpine vegetation to climate change and highlights 
the importance of plant–plant interactions and the avail-
ability of microhabitats prone to invasion for vegetation 
dynamics. Further studies on the mechanisms of species 
replacement due to earlier melt-out of snowbeds must fo-
cus on plant interactions and microhabitat formation.
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Appendix A4. Pair-wise associations (+) and dissociations (–) of species in snowbeds with snowmelt date IV. The first column gives the 
corresponding species group of each species: dominant snowbed species (Dom.), alpine grassland species (Gr. sp), indifferent species 
(Indiff.), subordinate snowbed species, and occasional species (Occ.). All species with an occurrence of less than 5% were excluded. 
Significance level: +, – = p < 0.05, ++, –– = p < 0.01, +++, ––– = p < 0.001. In parentheses the numbers of occurrences in 120 circles 
are given.
D
om
. Alchemilla pentaphyllea (112)           
. Gnaphalium supinum (77)
. ++ Salix herbacea (115)
G
r. sp
. . . Polygonum viviparum (9)
. . . . Euphrasia minima (24)
In
di
ff.
– . . . . Ligusticum mutellina (19)
. . . . . ++ Sedum alpestre (6)
. –– . . . ++ . Poa alpina (62)
Sn
ow
be
d 
sp
ec
ie
s
. . . . . +++ +++ . Potentilla brauneana (10)
. ––– – . . . . ++ . Taraxacum alpinum (34)
. . . . +++ + . . . . Carex foetida (14)
. . . . . +++ . + . . . Arenaria biflora (50)
. . . . . ++ . . . . . . Veronica alpina (75)
. + . . . . ––– – . . . . . Cerastium cerastoides (74)
++ . . . . – . . . . . . . . Cardamine alpina (77)
. . . . . . . – – . – . . . . Sagina saginoides (103)
Occ. . . . . . +++ ++ . +++ . . . . . . . Trifolium thalii (6)
